Common variants in CYP19A1 (the A alleles of rs749292 and rs727479) have been associated with a 10% to 20% increase in circulating estrogen levels in postmenopausal women. We hypothesized that the presence of one or both A alleles in these single nucleotide polymorphisms (SNP) is associated with increased endometrial cancer risk. We tested this hypothesis in a large pooled analysis of 4,998 endometrial cancer cases and 8,285 controls from 10 studies in the Epidemiology of Endometrial Cancer Consortium. The majority of women (>66%) were whites, with smaller proportions of other races and ethnic groups (blacks, Asians, and Latinas) also included in this pooled analysis. Unconditional logistic regression was used to model the association between SNPs/ haplotypes and endometrial cancer risk. Carrying the A allele of either of these SNPs was associated with an increased risk of endometrial cancer, with pooled odds ratios per allele of 1.14, 95% 
Introduction
Endometrial cancer is the most common gynecologic cancer and is the fourth most common cancer in women in the United States (1) . Prolonged exposure to estrogens unopposed by progesterone plays an important role in the etiology of endometrial cancer (2, 3) . Studies have shown that high endogenous levels of estrogens are related to increased risk of endometrial cancer (4-7).
Aromatase, encoded by CYP19A1, converts androstenedione to estrone and testosterone to estradiol. After menopause, the primary source of estrogens is via peripheral conversion of androgens in adipose tissue catalyzed by aromatase. Given its key role in estrogen biosynthesis, it is possible that polymorphisms in CYP19A1 that alter estrogen production could be involved in endometrial carcinogenesis. Previous studies have evaluated associations between various CYP19A1 polymorphisms and endometrial cancer risk (8) (9) (10) (11) , with mixed results; interactions with dietary factors have also been reported (12) .
Recently, a comprehensive assessment of genetic variation at the CYP19A1 locus was conducted by resequencing of exons and determining linkage disequilibrium among 105 single nucleotide polymorphisms (SNP; ref. 13 ). This study revealed strong associations between seven tagging SNPs and endogenous estrogen levels in more than 3,000 healthy postmenopausal women who were not on hormone therapy. The strongest associations were observed for rs749292 (A allele) and rs727479 (A allele); these SNPs were independently associated with a 10% to 20% increase in estrogen levels, and the A-A haplotype was the strongest predictor of estrogen levels. None of the seven variants were associated with risk of breast cancer in that study.
These polymorphisms have not been studied in relation to endometrial cancer risk. Here we used data from the Epidemiology of Endometrial Cancer Consortium to evaluate the association between the two CYP19A1 SNPs most strongly related to circulating estrogen levels (rs749292 and rs727479) and endometrial cancer risk in a large pooled multiethnic study. We hypothesized that the A alleles of these SNPs are associated with increased risk. Because after menopause endogenous estrogens are predominantly produced in adipose tissue, we also hypothesized that the relative risk for the A alleles would be more pronounced in older women and particularly those with higher body mass index (BMI).
Materials and Methods

Study Population
Ten studies in the Epidemiology of Endometrial Cancer Consortium participated in this pooled analysis. The Epidemiology of Endometrial Cancer Consortium is an international consortium established to pool resources and data from many endometrial cancer studies in an effort to identify genetic and environmental risk factors for endometrial cancer. The participating studies in this pooled analysis were six population-based case-control studies (Estrogen, Diet, Genetics, and Endometrial Cancer; Fred Hutchinson Cancer Research Center case-control study; Women's Insights and Shared Experiences; Hawaii case-control study; Polish Endometrial Cancer Study;and Shanghai Endometrial Cancer Study), one hospitalbased casecontrol study (Toronto case-control), and three case-control studies nested within cohorts (California Teachers Study, Multiethnic Cohort, and Nurses' Health Study; Table 1 ). A detailed description of these studies is available in the Supplementary Materials. A total of 4,998 invasive endometrial cancer cases and 8,285 controls were available for the current analysis. Each study was approved by the institution's institutional review board and appropriate permission for the pooled analysis was obtained.
Genotyping
Genomic DNA was extracted from buffy coat or buccal samples. The methods of specimen collection and handling differed somewhat among the studies (described in Supplementary Materials). Genotyping of rs749292 and rs727479 was done in individual laboratories using the same TaqMan assay protocols. The assay details including primers and probes are available online (http://www.uscnorris.com/MECgenetics). Depending on the study, 3% to 10% blinded quality control samples were included in each assay; the concordance rates ranged from 98% to 100%. The average genotyping call rate was 98% (range, 93-100%). With two exceptions, both SNPs were consistent with Hardy-Weinberg equilibrium in controls by race/ethnicity overall and in each study (P ≥ 0.12). The exceptions were the results for rs749292 in white controls in the California Teachers Study (P = 0.01) and those for rs727479 in controls in Poland (P = 0.03). Exclusion of these studies did not affect the results reported below.
Statistical Analysis
The A alleles of both SNPs were designated as "high-risk" alleles because of their association with higher estrogen levels (13) . The GG genotype of rs749292 and the CC genotype of rs727479 were used as reference categories. We examined the joint association between these SNPs and endometrial cancer risk by classifying women as to the number of A alleles (0, 1, 2, 3, 4) and A-A haplotypes (0, 1, 2 copies). Haplotypes were estimated using the TagSNP program as previously described (13) . In addition to genotype data, the following variables were available for this analysis: race/ethnicity (white, black, Asian, Hawaiian/Pacific Islander, mixed, other, and unknown), age (continuous), and BMI (continuous in kg/m 2 ). Unconditional logistic regression was used to model the association of each SNP or haplotype with endometrial cancer risk [odds ratios (OR) and 95% confidence intervals (CI)] for each of the 10 studies. We combined the data from the 10 studies to calculate pooled OR, adjusting for age (continuous), race/ethnicity (categorical), and study (categorical). Heterogeneity of effects across studies and racial/ethnic groups was examined by the Q test. We also conducted analyses stratified by age (<55, 55-<65, and ≥65 y) and BMI (<25, 25-<30, and ≥30 kg/m 2 , representing underweight/normal, overweight, and obese categories, respectively). Because information on BMI was not available for the control subjects in the Toronto study, this study was excluded from the latter analysis. Interactions between genotypes and age and BMI were evaluated by including a multiplicative term in the logistic regression model. Trend tests were done by treating the number of A alleles as a continuous variable in the logistic regression model. All P values are two-sided. Analyses were done using SAS version 9.1 (SAS Institute Inc.) and STATA version 10 (StataCorp).
Results
A majority of women were aged ≥55 years and the average age was 60.1 and 60.8 years for cases and controls, respectively (Table 1) . With the exception of the Multiethnic Cohort, Shanghai Endometrial Cancer Study, Hawaii, and Women's Insights and Shared Experiences studies, over 90% of women in each study were whites. The breakdown of race/ethnicity in each study is presented in Supplemental Table S1 . The Asian category mainly comprised Chinese from the Shanghai Endometrial Cancer Study and Japanese from the Multiethnic Cohort and the Hawaii case-control study.
The race/ethnicity specific allele frequencies in control subjects were consistent across studies (Supplemental Table S2 ). The frequency of the rs749292 A allele ranged from 0.40 to 0.49 in whites, 0.43 to 0.45 in blacks, and 0.35 to 0.47 in Asians. The frequency of the rs727479 A allele ranged from 0.63 to 0.69 in whites, 0.77 to 0.82 in blacks, and 0.68 to 0.73 in Asians.
The A alleles of rs749292 and rs727479 were associated with higher endometrial cancer risk in a dose-dependent manner (rs749292 OR per allele , 1.14;95% CI, 1.09-1.21, and rs727479 OR per allele , 1.08;95% CI, 1.02-1.14). The OR for each SNP was ≥1.0 in all studies with no evidence of heterogeneity observed across studies (P ≥ 0.49; Fig. 1 ). Table 2 shows the association of rs749292 and rs727479 with endometrial cancer risk in all women combined and in whites, blacks, and Asians. In all women, the A allele of each SNP was associated with an increased risk of endometrial cancer: for rs749292, ORs of 1.19 (95% CI, 1.09-1.30) for AG versus GG and 1.30 (95% CI, 1.17-1.45) for AA versus GG, and for rs727479, ORs of 1.05 (95% CI, 0.93-1.20) for AC versus CC and 1.15 (95% CI, 1.01-1.31) for AA versus CC. The associations were consistent in whites, blacks, and Asians (P for heterogeneity across these three racial groups ≥0.87). When the analysis was repeated with BMI adjustment, results were similar (data not shown).
We examined the CYP19A1-endometrial cancer associations stratified by age and observed a stronger association between rs749292 and endometrial cancer risk in older age groups (age ≥55; Table 3 ). The OR per allele was 1.07 (95% CI, 0.97-1.18) for women age <55, 1.15 (95% CI, 1.05-1.25) for women 55≤ age <65 years, and 1.21 (95% CI, 1.10-1.32) for women >65 years (P interaction = 0.09). The association of rs727479 with endometrial cancer risk did not vary appreciably by age (P interaction = 0.47).
We also examined the CYP19A1-endometrial cancer associations stratified by BMI (Table 4) . The association with each of the SNPs increased with increasing BMI. For rs749292, the OR per allele was 1.08 (95% CI, 1.00-1.17) for normal weight women, 1.18 (95% CI, 1.06-1.31) for overweight women, and 1.22 (95% CI, 1.08-1.38) for obese women (P interaction = 0.07). For rs727479, the OR per allele was 1.00 (95% CI, 0.92-1.09) for normal weight women, 1.07 (95% CI, 0.96-1.20) for overweight women, and 1.23 (95% CI, 1.08-1.41) for obese women (P interaction = 0.009). For this SNP, the increased risk associated with the presence of one or more A alleles was highest in older women who were obese (OR per allele, 1.28; 95% CI, 1.10-1.49). Among women age ≥55 years, there was a strong interaction with BMI (P interaction = 0.007).
As shown in Table 5 , the risk of endometrial cancer tended to increase with an increasing number of A alleles (0-4) in the two SNPs. The OR for those with 4 A alleles vs 0 A alleles was 1.21 (95% CI, 1.04-1.40). We also evaluated the association between the A-A haplotype (rs749292-rs727479) and endometrial cancer risk ( Table 5 ). The OR for those with 2 copies of the A-A haplotype compared with those with 0 copies was 1.30 (95% CI, 1.17-1.45), similar to the OR among all women for the AA genotype in the rs749292 SNP alone. The correlation (r 2 ) between the two SNPs was 0.4.
Discussion
Estrogen plays a pivotal role in endometrial cancer etiology. After menopause, estrogen is produced primarily in adipose tissue, and production increases with advancing age as well as with increased body weight (14) . It has been suggested that the increase in estrogen production associated with aging results from an increase in the specific activity of the aromatase enzyme in adipose cells, whereas the increase as a function of body weight is simply due to increased numbers of adipose cells (14, 15) . In this large pooled analysis, we found that carrying the A allele of rs749292 or rs727479 in CYP19A1 was associated with increased risk of endometrial cancer. Furthermore, we found that the risk was more pronounced in older women (age ≥55 years) and among obese women (BMI ≥30 kg/m 2 ), consistent with the biology of age and obesity on estrogen production.
Our findings were generally consistent with those of the earlier study that found that associations with circulating estrogen levels were similar for the two SNPs (13) . However, that study also observed that the A-A haplotype was associated with the highest levels of circulating estrogens. In our study, we observed a similar association with risk among those with two copies of the A-A haplotype as among those with the AA genotype of rs749292.
These results differ from the null results reported earlier for breast cancer (13) . Other candidate polymorphisms in CYP19A1 have been studied in breast cancer, with mixed results (16) (17) (18) (19) (20) (21) . Recent studies that have considered several variants throughout CYP19A1 have not shown associations with risk of breast cancer (22, 23) .
One limitation of our study was that data on unopposed estrogen therapy were not available for analysis. We expect that the association between CYP19A1 and endometrial cancer would be obscured in users of unopposed estrogens. In addition, we were not able to classify cases according to histologic type of tumor. About 85% of endometrial cancers are "type I" (endometrioid) tumors (24) and are strongly related to excess estrogen, whereas the remaining "type II" tumors (e.g., serous, clear cell) are less estrogen-dependent (25) . If the risk related to genotype were mainly found in the type I tumors, as we would expect, the inclusion of type II tumors in the case group would lead to attenuation of the ORs. Another limitation is the lack of information on stage of endometrial cancer for each study.
In conclusion, by combining data from 10 independent studies we provide supporting evidence that common CYP19A1 genetic variants are associated with increased endometrial cancer risk, particularly in older and obese women. We chose the two SNPs reported to be most strongly associated with circulating estrogens (13) for this study;future work should include evaluation of the other five SNPs also reported to be highly associated with estrogens. Because these SNPs were chosen as tagging SNPs, it is unknown whether other SNPs with which they are in linkage disequilibrium may be more strongly related to risk of endometrial cancer. Although these variants have been found to be related to circulating estrogen levels, to our knowledge, functional assessment of these variants in an experimental setting has not been conducted;this is another avenue for investigation in future studies. Interactions with other genes in the hormone biosynthesis and metabolism pathways are another area for future research.
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